Summary

Background
White matter disease (WMD) is frequently seen in Alzheimer's disease (AD) at neuropathological examination. It is defined as a subtotal tissue loss with a reduction of myelin, axons and oligodendrocytes as well as astrocytosis. Studies quantitatively defining the myelin loss in AD are scarce. The aim was to develop a method that could provide numerical values of myelin density in AD. The purpose was to compare the myelin contents in increasing grades of pathology of WMD, with age and cortical AD pathology as well as in different regions of the brain in AD.
Material and methods
cases with AD and concomitant WMD were investigated with an in house developed
image analysis technique to determine the myelin attenuation with optical density (OD) in frontoparietal, parietal, temporal and occipital white matter on whole brain coronal sections stained for myelin with Luxol Fast Blue (LFB). The OD values in LFB were compared grouped according to Haematoxylin/Eosin (HE) evaluated mild, moderate and severe WMD or normal tissue. The OD values were also correlated with age and cortical AD pathology and compared between the different studied white matter regions.
Introduction
White matter disease (WMD) is seen at neuropathological examination in more than 50 percent of Alzheimer's disease (AD) cases (Brun and Englund, 1986) . The WMD is non-focal and mild, associated with a stenosing fibrohyaline arteriolosclerosis and no complete infarcts are seen (Englund and Brun, 1990) . The localisation of the WMD is widespread with the frontal lobes being more severely affected (Brun and Englund, 1986; Sjobeck et al., 2005, in press ). However, in all cases of WMD of any degree, there are spared areas of microscopically normal white matter. The WMD is thought to be of ischemic origin due to its resemblance to the white matter surrounding the complete infarct seen in vascular dementia and stroke and also due to the associated arteriolosclerosis (Brun and Englund, 1986) .
Morphologically, the WMD consists of an oligodendrocytic reduction and astrocytosis (Sjobeck and Englund, 2003) , in parallel with axonal and myelin attenuation and fibrohyaline arteriolosclerosis (Brun and Englund, 1986; Englund and Brun, 1990) . Severity of WMD has been shown to correlate with number of microvessels in the white matter, i.e., more pronounced changes are associated with fewer vessels , but no association has been shown between overall severity of cortical AD pathology and severity of WMD (Brun and Englund, 1986; Haglund and Englund, 2002) . The congophilic amyloid angiopathy (CAA) of AD, however, has been shown to correlate with severity of WMD in AD (Haglund and Englund, 2002) , suggesting a vascular link in the pathogenesis of the white matter pathology.
Recently, a hypothetical model of AD was presented that links myelin breakdown and vulnerable oligodendrocytes to both ageing and cortical AD pathology (Bartzokis, 2004) .
Studies have shown that the myelin density is reduced in ageing (Ge et al., 2002; Bartzokis et al., 2003) and in disorders affecting the white matter such as multiple sclerosis (Fazekas et al., 2002; Keegan and Noseworthy, 2002) , CADASIL (Baudrimont et al., 1993; Okeda et al., 2002) , Binswangers disease (Roman, 1985) and vascular dementia (Wallin and Blennow, 1991) .
The reduction of myelin has never been neuropathologically assessed with quantitative measures in AD-WMD, whereas the white matter components (axons, glia, vessels etc.) have been measured (Englund and Brun, 1990; Sjobeck and Englund, 2003; .
To be able to determine the myelin density in neuropathological specimens, a computer assisted morphometric image analysis technique was developed.
Utilising this method, the myelin density in normal white matter and in white matter with different degrees of WMD was assessed. The main hypothesis was that increasing severity of WMD should correspond to measures of gradually lower myelin density.
Aims
-To develop a method that could provide quantitative measures of myelin attenuation on neuropathological sections.
-To determine the myelin density for microscopically normal appearing white matter in AD and compare with myelin density in white matter with increasing severity of pathology.
-To correlate myelin density in different regions of the brain with overall cortical AD pathology and age to evaluate the possible additional effects of ageing per se.
-To determine differences in regional myelin density in AD between white matter in the lobes of the brain with the overall purpose to further elucidate the relationship between AD and WMD.
Material 16 cases with a neuropathological diagnosis of AD and no mixture of vascular dementia were analysed. The cases were deceased between 1994 and 2000. All cases had a clinical diagnosis of dementia and had been participating in the Lund Longitudinal Dementia Study, in which they were followed with repeated psychiatric evaluation, neuropsychological testing, regional cerebral blood flow measurements and structural neuroimaging (Brun and Gustafson, 1993) .
The cases were carefully selected to represent pure AD, i.e. cases with white or grey matter complete infarcts were excluded. The cases were thus "non-mixed" AD cases, although with a concomitant WMD of a mild ischemic type (Brun and Englund, 1986) .
Baseline characteristics for the 16 cases are presented in table 1. Mean age at death for the AD-WMD cases was 77.2 years (SD = 10.8, range 59-91 years).
The study design was approved by the local research ethics committee at the University of Lund (LU 913-03).
Table 1
Methods
Neuropathological histotechnical processing
Prior to this study the brains were processed and neuropathologically analysed for final clinical/pathological diagnosis in the following way: At autopsy the brain were fixed in formaldehyde for no less than one month and later cut in 1 cm whole brain coronal slices.
From the cut whole brain, roughly every other coronal slice was embedded in paraffin, sectioned and stained with routine Haematoxylin/Eosin (HE) and Luxol Fast Blue (LFB). Whole brain sections were also stained with Congo red for amyloid and the silver stainings Campbell for senile plaques and Gallyas for neurofibrillary tangles and dystrophic neurites, respectively.
Assessment of severity of Alzheimer's disease
The diagnosis of AD was made according to definitions used at the department (Brun and Englund, 1981) . These criteria encompass several histopathological features in an assessment of the entire brain (glial reactions, neuronal degeneration, estimation but not quantitative assessment of congophilic angiopathy and cortical atrophy), thus enabling the exclusion of concurrent disease. With this method the regional grey matter Alzheimer encephalopathy was graded according to a scale from 0-4 and overall whole-brain Alzheimer pathology was summarized as mild, moderate or severe, also allowing for grades "in-between" (table 1). This scale also met with international consensus criteria (Braak and Braak, 1991; Mirra et al., 1991) .
Assessment of severity of white matter disease and myelin density
WMD was analysed on HE and LFB stained whole brain sections; one coronal section through the frontoparietal and temporal lobes at the level of either mid-hippocampus or amygdala, one trough the parietal lobes and one trough the occipital lobes. Thus in all, 3 sections stained with HE and 3 sections stained with LFB were analysed representing left and right hemisphere frontoparietal-parietal-temporal-and occipital white matter regions (figure 1). In a few cases, one section from one of the lobes was missing or only one hemisphere was present on the slide.
Altogether, 6 small, targeted white matter samples were marked for analysis of myelin attenuation in ladder like boxes representing consecutive areas in each hemisphere on the LFB stained slides (figure 1). Thus, in most cases 12 white matter samples were analysed in each of the frontoparietal, temporal, parietal and occipital lobes rendering a total of 680 specified areas in all 16 cases. Within these small regions digital pictures were taken in a microscope with the X10 objective. The pictures were taken under identical light conditions for all cases.
An Olympus DP-40 digital camera (Olympus Corporation, Japan) mounted on a Olympus BH-2 microscope (Olympus Corporation, Japan) was used augmented by the software Irfan The optical density (OD) corresponds to the brightness of an image in the greyscale range of 0-255 with 8 bit pixel values, so that 0 corresponds to maximum white and 255 maximum black. The OD has previously been used for determination of the regional distribution of WMD in AD as well as estimation of glial numbers in the department (Sjobeck et al., 2005, in press; Sjobeck and Englund, 2003; ) . Furthermore, others used OD for quantification of gene expression using in situ hybridization and in immunohistochemical analysis (Panegyres et al., 2000; Hellier et al., 2002; Wang and Li, 2003) .
The OD was measured using an image processing and analysis software program designed for the PC, Scion Image (© 2000 Scion Corporation, Version Beta 4.0.2, freeware at www.scioncorp.com). Scion Image was used to calculate OD in each image using the rectangular selection tool. Tissue artefacts were omitted in the delineated regions. In all the analyses, the identity of the case was blinded to the observer.
On the HE stained slides, 6 consecutive white matter samples were delineated bilaterally in each hemisphere in ladder like boxes in the corresponding regions as on the LFB-stained slides. In each small sample the WMD-grade was estimated in the microscope by two of the authors (MS and MH) using a 4 step scale originally designed for semi-quantitative estimation of severity of white matter disease (Brun and Englund, 1986) , albeit not covering the associated arteriolar pathology. The main features of the scale are represented in levels:
Normal white matter.
Mild: No appreciable reduction in axonal meshwork density and easily recognised long axons.
Occasional axonal debris. A slightly increased number of reactive astrocytes compared with normal white matter.
Moderate: A slight reduction of axonal meshwork density and a reduction of oligodendroglial cell nuclei and a further increased number of reactive astrocytes.
Severe: A marked reduction of myelin, axons and oligodendroglial cell nuclei with relatively marked astrocytic reaction and loosely scattered macrophages, but no complete cerebral infarct.
Statistical analysis and myelin optical density adjustment with values for normal white matter
Statistical analysis was performed using the SPSS® 11.0 software (SPSS inc.) on a personal computer. To determine myelin density in white matter with increasing severity of pathology the OD values in LFB were grouped according to HE evaluated severity of WMD in four groups: samples with normal white matter, samples with mild-, moderate-and severe pathology, respectively. Differences in OD between the groups were tested using a one-way ANOVA with post-hoc testing with Bonferroni adjustment for multiple comparisons. All the groups followed approximately the normal distribution when plotted in a histogram and the OD measurements were considered independent observations. Since LFB staining is known to vary in intensity between cases depending on the histotechnical procedure employed, the OD values in frontoparietal-parietal-temporal-and occipital white matter regions were adjusted by the following procedure. For each case, the mean OD in the white matter samples graded as normal in HE was calculated. For each case, the mean OD obtained from the 12 samples in frontoparietal-parietal-temporal-and occipital white matter regions, respectively were then divided by the case specific mean OD for normal graded white matter. This procedure resulted in OD ratios for myelin density, thus enabling correlation analysis involving all cases and analysis of myelin content between different white matter regions in AD.
Correlations were tested using the non-parametric two-tailed Spearman Rank test.
Correlation analyses were made between overall cortical Alzheimer encephalopathy grade as well as age and mean OD values in the different white matter regions (frontoparietal-, parietal-, temporal-and occipital white matter) divided by the case specific OD for normal white matter. To study differences in OD ratios obtained from the different white matter regions, the non-parametric Kruskal-Wallis test was used with post-hoc two-tailed MannWhitney testing and Bonferroni correction for multiple analyses.
OD in the corresponding left and right hemisphere was also correlated. For this analysis, the mean OD calculated from the 6 white matter regions in each hemisphere and white matter region (frontoparietal-, parietal-, temporal-and occipital white matter) was used. For all analyses, the level of significance was set at p<0.05.
Figure 1
Results
The total number of small white matter samples analysed for myelin attenuation with OD as well as severity of WMD was 680 in all 16 cases. The OD values for white matter samples in normal tissue, mild-, moderate-and severe WMD are presented in figure 2.
The mean OD value in the white matter samples graded as normal was 115 (n = 95, SEM = 1.90), in the regions graded as mild 111 (n = 364, SEM = 0.94), in the samples graded as moderate 108 (n = 173, SEM = 1.25) and in the samples graded as having severe pathology 102 (n = 48, SEM = 2.10). There were statistically significant differences between the samples of normal and moderate pathology, between the samples of normal and severe pathology and between mild and severe pathology (table 2 and figure 2).
After Bonferroni adjustment for multiple analysis, no statistically significant correlations were seen between OD ratios in any of the studied white matter regions (frontoparietal-parietaltemporal-and occipital white matter) and severity of cortical AD pathology or age at death (table 3) .
The OD correlated significantly in the corresponding right and left hemisphere (Correlation coefficient = 0.79, p < 0.001, n = 56, figure 3 ).
There was a statistically significant difference in OD ratios between the studied white matter regions (frontoparietal-parietal-temporal-and occipital white matter, Kruskal-Wallis p = 0.026) and post-hoc testing revealed statistically significant lower mean OD ratio in frontoparietal-compared to occipital white matter (two tailed Mann-Whitney with post-hoc Bonferroni adjustment, p = 0.048). There were no other significant differences in mean OD ratio between the studied white matter regions. 
Different white matter pathologies in AD
As evaluated in the microscope, the AD white matter harbour different types of pathology (Englund, 1998) . Firstly, in AD combined with vascular dementia, one may detect cerebrovascular pathology of complete infarcts and a surrounding attenuation of tissue.
Secondly, whether in mixed cases or in pure AD, Wallerian degeneration is accentuated in brain regions where the cortical AD changes are pronounced, i.e. the temoral lobes (Englund, 2000) . The third form of white matter pathology believed to be the predominant, focused on in the present study is of mild, non focal ischemic type in the central regions. No significant correlations were seen between severity of overall cortical AD pathology and OD ratios, in line with previously observed lack of correlation between the grey-and white matter pathology (Brun and Englund, 1986; Sjobeck and Englund, 2003) . The association between WMD, central white matter arteriolosclerosis and CAA in the meninges and outer cortex is notable (Haglund and Englund, 2002; Tian et al., 2004) . The number of small vessels correlates inversely with severity of WMD, further indicating the association with vascular manifestations .
Comments on the main findings and clinical implications
The main finding of the present study was that myelin density measured with OD gradually decreased with increasing severity of WMD. Compared to normal white matter, there was a significantly low myelin density in moderate and severe WMD. In AD, myelin reduction has been shown by neuropathology, biochemical analyses and MRI (Englund and Brun, 1990; Roher et al., 2002; Bartzokis et al., 2003) . This is, however, to our knowledge the first time white matter myelin loss in AD has been quantitatively estimated neuropathologically on sections for microscopy. Loss of myelin is seen in multiple disorders affecting the brain and is suggested in normal ageing (Ge et al., 2002; Bartzokis et al., 2003) . In the present study, no correlation was seen between white matter OD ratios in any of the studied regions and age at death, implying that the myelin content is more affected by the AD process than by ageing.
We believe that the WMD in focus of the present study could be due to recurrent episodes of ischemia with a gradual loss of oligodendrocytes and myelin. The white matter has only limited ways of response to different stressors and the neuropathological outcome could be similar. Therefore, the WMD is similar to the perifocal territory surrounding a complete infarct in the white matter seen in stroke or vascular dementia. The distribution of the changes in the white matter throughout the brain and its relation to concurrent pathologies in adjacent structures is relevant. The overall WMD has been shown to be pronounced in the frontal lobes although with an involvement also of the other lobes of the brain (Brun and Englund, 1986; Kobayashi et al., 2002; Sjobeck et al., 2005, in press ). In line with these findings, there was a statistically significant lower OD ratio in the frontoparietal-compared to occipital white matter in the present study, suggesting that in frontal areas also the myelin reduction in AD is substantial.
The statistically significant correlation between the OD values in the corresponding right and left hemispheres, as shown here, suggest that the WMD myelin reduction is not lateralised, but uniformly distributed in the right and left hemisphere.
The reduction of myelin as demonstrated in this study could be of relevance for the symptom profile in the demented patient (Englund et al., 1989; Londos et al., 2000) . The clinical presentation could be due to the distribution of the changes and be related to corticalsubcortical disconnection (Brun and Englund, 1986; Kobayashi et al., 2002) . In AD, executive dysfunction is seen (Graham et al., 2004) , that in part could be due to impairment of neuronal impulses through the frontal lobes.
We conclude that AD with WMD is subject to a differential reduction of myelin, a reduction that is possible to evaluate quantitatively in post-mortem neuropathological specimens. The hereby presented method could be suitable for further studies aimed at evaluating the relationship between microvascular pathology, age and AD specific changes.
Key points -Myelin loss is a marked morphologic component in white matter disease associated with Alzheimer's disease.
-It is possible to determine the reduction of myelin objectively on sections for microscopy.
-The anterior part of the brain is more heavily affected by myelin reduction than the posterior part.
-The regional distribution of demyelinated white matter in Alzheimer's disease could be of relevance for the symptom profile in the demented patient. (Brun and Englund, 1981) . 
